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Abstract Bioflocculants of Chlamydomonas reinhardtii
were investigated under axenic conditions. C. reinhardtii
was found to produce significant amounts of bioflocculants.
Flocculating activity by C. reinhardtii began in the linear
phase of growth and continued until the end of the stationary
phase. The highest flocculating efficiency of the culture
broth was 97.06%. The purified C. reinhardtii bioflocculant
was composed of 42.1% (w/w) proteins, 48.3% carbohy-
drates, 8.7% lipids, and 0.01% nucleic acid. The optimum
condition for bioflocculant production of C. reinhardtii was
as follows: under temperature of 15°C to 25°C, pH 6–10 and
illumination of 40–60 μmol photons m−2 s−1. The biofloc-
culants produced by C. reinhardtii showed maximum activ-
ity in pH ranges from 2 to 10. The flocculating activity was
significantly enhanced by the addition of CaCl2 as a co-
flocculant at an optimal concentration of 4.5 mM.
Introduction
Flocculants are widely used in the chemical and mineral
industries, wastewater treatment, downstream processing,
tap water production, and food and fermentation processes
(Koizumi et al. 1991; Tong et al. 1999; Salehizadeh et al.
2000). The flocculating agents can be generally classified
into three major groups: (1) inorganic flocculants such as
aluminum sulfate or polyaluminum chloride, (2) organic
synthetic polymers such as polyacrylamide derivatives or
polyethylene imines, and (3) flocculants from biological
resources, such as chitosan and microbial extracellular mac-
romolecules (Duan and Gregory 2003; Zhang and Lin 1999;
Zouboulis et al. 2004). In contrast to inorganic flocculants
and organic synthetic polymer flocculants, bioflocculants
can be biodegradable and non-toxic to organisms.
Bioflocculant-producing ability has been demonstrated
on bacteria, actinomycetes, yeast, fungi, and algae (Fattom
and Shilo 1984; Bar-Or and Shilo 1987; Zhang and Lin
1999; Salehizadeh et al. 2000; Zhang et al. 2002; Sheng et
al. 2006). In past decades, bioflocculant studies mainly
focused on bacteria (Takagi and Kadowaki 1985a, b; Kwon
et al. 1996; Toeda and Kurane 1991; Huang et al. 2005;
Deng et al. 2005; Wu and Ye 2007). Many types of bio-
flocculants originating from bacteria have been discovered.
Some of them showed efficient flocculating activities on not
only inorganic but also organic suspended particles (Fujita
et al. 2000). For example, REA-11 from Corynebacterium
glutamicum and flocculant of Aspergillus sojae AJ-7002
showed high activity in the removal of color from dye
effluent and the removal of microorganisms from activated
sludge, respectively (He et al. 2002, 2004; Nakamura et al.
1976). MBFA9 produced by Bacillus mucilaginosus greatly
accelerated the formation of flocs and the settling of organic
particles in starch wastewater treatment (Deng et al. 2003).
NOC-1 from Rhodococcus erythropolis S-1 showed a strong
ability to flocculate both inorganic and organic suspended
soils (Kurane et al. 1986a, b; Takeda et al. 1991). Though
quite a few bioflocculants have been identified and a few of
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them such as NOC-1 was produced on a small scale, cur-
rently none of them has been commercially produced or
practically applied. To a large extent, this is due to the high
production costs versus the low yields, the variability of the
strains, and the complexity in the production process of the
bioflocculants. As a result, screening for novel bioflocculant-
producing microorganisms with high flocculating activities
and seeking low-cost substrates for the cultivation of
bioflocculant-producing microorganisms has become the em-
phasis in the bioflocculant research area (He et al. 2004;
Salehizadeh and Shojaosadati 2002; Fujita et al. 2001).
Among those microbial bioflocculants, algal biofloccu-
lant production generated less wastewater due to the absence
of organic substances in the media, thus resulting in less
production costs. Flocculating activity of microalgae has
been observed in some strains, e.g., the cyanobacteria Oscil-
latoria sp. (Bender et al. 1994), Phormidium sp. strain J-1
and Anabaenopsis circularis PCC 6720 (Fattom and Shilo
1984; Levy et al. 1990; Bar-Or and Shilo 1987; Levy et al.
1992), Anabaena PC-1 (Choi et al. 1998), Calothrix deser-
tica (Bar-Or and Shilo 1987), Oscillatoria sp. (Bender et al.
1994), and the green alga Chlamydomonas mexicana
(Schenck et al. 1975; Kroen and Rayburn 1984; Takagi
and Kadowaki 1985a, b) and Chlorella spp (Kaplan et al.
1987). However, most of the algal bioflocculants reported
were from cyanobacteria and were analyzed under non-axenic
conditions, which might include the contribution of contami-
nated bacteria. In this study, bioflocculation activity of green
alga Chlamydomonas reinhardtii was studied under axenic
conditions, and the composition, flocculation conditions, and
culture conditions of bioflocculant C. reinhardtii were
analyzed.
Materials and methods
Chlamydomonas reinhardtii (FACHB 479) was obtained
from the FACHB-Collection from the Institute of Hydrobi-
ology, Chinese Academy of Sciences. The alga was purified
by repeated treatment with antibiotic mixture (finial concen-
trations of penicillin, streptomycin, and chloramphenicol were
100, 50, and 10 μg mL−1, respectively) and colony isolation.
The axenicity of the C. reinhardtii was checked regularly by
using nutrient broth medium for bacteria checking and potato
dextrose agar medium for fungi checking. Bacteria contami-
nation was further checked by performing bacterial 16S rRNA
gene sequences with total DNA extracted from algal culture.
The axenic cultures of C. reinhardtii obtained were main-
tained at 25°C in CHU-11 medium modified from Chu No.
10 (Bold and Wynne 1978), under a photon flux density of
45 μmol photons m−2 s−1 and 12:12-h light/dark cycle.
An assay of fractional flocculation was conducted
according to Shih et al. (2001). Kaolin was suspended in
distilled water to obtain a kaolin solution with a concentra-
tion of 5 g L−1. One milliliter culture supernatants along
with 1 mL CaCl2 solution (25 g L
−1) were added to 49 mL
of kaolin solution in a measuring cylinder. The mixture was
adjusted to pH 7 and gently mixed for 3 min. After standing
for 5 min at room temperature, 3 mL of the upper phase was
withdrawn and absorbance was quickly determined at
550 nm by spectrophotometry (Model UV-2401 PC, Shi-
madzu, Japan). A control assay with water in addition to the
sample was performed at each measurement. Flocculating
activity, expressed as flocculating rate (FR), was calculated
by the following equation: FR0(A−B)/A×100%, where A
and B are optical densities at 550 nm of the control and
sample, respectively. For the analysis of the effect of cations
on flocculating activity, 0.01 or 4 mM K+, Na+, Mg2+, Ca2+,
and Fe3+ were added in the kaolin solution along with the
algal bioflocculant sample.
The algae culture was centrifuged at 1,500×g for 20 min
to remove cells. The supernatant was mixed with two vol-
umes of cold ethanol and left to stand at 4°C overnight. The
resulting precipitate was harvested by centrifugation at
12,000×g for 20 min and re-dissolved in distilled water
for a repeated ethanol precipitation. After the ethanol pre-
cipitation was performed twice, the crude biopolymer
obtained was lyophilized for further analysis.
Total carbohydrate content was determined by the
phenol-sulfuric acid method (Kochert 1978a, b) and
expressed as the glucose equivalent. The protein content
was determined by the Bradford (1976) method with
bovine serum albumin as the standard. The molecular
weight of the proteins in the bioflocculant was estimated by
sodium dodecyl sulfate–polyacrylamide gel electropho-
resis (SDS–PAGE) (Laemmli 1970). The molecular
weight of polysaccharide in the bioflocculant was deter-
mined by gel permeation chromatography (GPC) (PL
aquagel-OH MIXED column). The content of nucleic
acid was examined by the ultraviolet spectrophotometry
method (Sambrook and Russell 2001). The content of
lipids in bioflocculant was measured according to Kochert
(1978a, b).
The C. reinhardtii cells in the linear phase of growth were
harvested by centrifugation and resuspended in a fresh medi-
um. The algal culture was incubated under a different temper-
ature, initial pH, or light intensity for 30 days, and the
flocculating activity of the culture media free of algal cells
was determined.
Statistical analysis was by one-way analysis of variance
(ANOVA) and pair-wise comparisons performed using
Graphpad Prizm (Version 4). When treatment group means
were significantly different, pair-wise comparisons between
the control and individual treatment groups were carried out
using Tukey’s multiple comparison test and Dunnett’s multi-
ple comparison test.
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Results
C. reinhardtii remained in the linear phase of growth up to
37 days in the batch culture in CHU-11 medium. The
flocculating activity of the culture medium was substantially
constant from days 7 to 37 (Fig. 1). The algal bioflocculant
production reached its highest level from the mid-
exponential phase to the stationary phase and decreased
during the decline phase.
Physiological conditions may affect bioflocculant pro-
duction. To test the effect of the initial pH of the medium
on bioflocculant production, pH was adjusted to pH 4, 6, 7,
8, and 10 by using 0.5 M HCl and 1 M NaOH. C. reinhardtii
cells from the linear phase were incubated for 30 days under
different pH conditions. It was found that bioflocculant
production was significantly decreased by 51.4±1.92% at
pH 4 compared to other pH conditions. There was no
significant difference on the production of bioflocculant at
pH 6, 7, 8, and 10 (ANOVA, p>0.05) (Fig. 2a).
When C. reinhardtii cells from the linear phase of growth
were incubated at 15°C, 25°C, and 35°C for 30 days, it was
found that high temperatures inhibited the flocculating ac-
tivity. The flocculating rate at 35°C was significantly lower
than those at 15°C and 25°C by 36.8% and 37.9%, respec-
tively (Fig. 2b).
The flocculating rate showed a positive response to light
intensity (Fig. 3). The flocculating rate of the culture under
60 μmol photons m−2 s−1 was significantly higher than those
under 10 and 20 μmol photons m−2 s−1 by 65.9% and
40.7%, respectively. Nevertheless, no significant difference
was found between 40 and 60 μmol photons m−2 s−1
(ANOVA, p>0.05). The results suggested that the flocculat-
ing rates of the algal culture medium showed a positive
relationship with algal cell density.
The purified C. reinhardtii bioflocculant was composed
of 42.1% (w/w) proteins, 48.3% carbohydrates, 8.7% lipids,
and 0.01% nucleic acid. The molecular weight of the poly-
saccharide was 7×105 Da estimated by GPC with dextran as
standard.
The protein in the bioflocculant was separated by SDS–
PAGE followed by silver stain (Yan et al. 2000); the weight
of the proteins of the bioflocculant was mainly between 31.0
and 43.0 kDa. Some were over 94.7 kDa (Fig. 4).
Bioflocculant concentration and flocculating activity
The flocculating activity of purified bioflocculant was tested
in a range of 1.2 to 40 mg L−1, and the optimum concentra-
tion of bioflocculant was 4 mg L−1 which caused the highest
flocculating activity of 96.6%. The flocculating activity
declined rapidly when bioflocculant concentration was over
15 mg L−1 (Fig. 5). No significant difference was found in
the flocculating rate in pH range from pH 2 to 10, and no
flocculating activity was observed at pH 12 (Fig. 6).
Fig. 1 Time course of flocculating rate and cell number of C. rein-
hardtii (mean ± SD, N03)
Fig. 2 Effect of pH and
temperature on flocculating rate
of C. reinhardtii culture
(mean ± SD, N03, *p<0.5,
**p<0.01). a pH values; b
temperature
Fig. 3 Effect of light intensity on the flocculating rate of C. reinhardtii
culture (mean ± SD, N03, *p<0.5)
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Cations can increase the initial adsorption of biopolymers
on suspended particles by decreasing the negative charge on
both the polymer and the particle (Levy et al. 1992; Levin
and Friesen 1987). To examine the effects of cations on the
algal flocculation activity, 5 g L−1 kaolin suspended in
distilled water was used in the test. Flocculation assays were
set up in which CaCl2 was replaced by other cations when
necessary and synergistic effects of cations were found
except for K+. Among the cations, Ca2+ and Fe3+ at 4 mM
showed substantial improvement on flocculation activity
(Fig. 7).
Since previous results showed that Ca2+ was the best co-
flocculant cation, the relationship between Ca2+ concentra-
tion and flocculation activity was examined. It was found
that the flocculating activity asymptotically depends on
Fig. 4 SDS–PAGE gel of the protein fraction of C. reinhardtii bio-
flocculant (M marker)
Fig. 5 Relationship between bioflocculant concentration and floccu-
lating activity
Fig. 6 Effect of pH on the flocculating activity of bioflocculant
produced by C. reinhardtii (mean ± SD, N03, **p<0.01)
Fig. 7 Effect of cations on the flocculating activity (mean ± SD, N03,
**p<0.01)
Fig. 8 Effect of Ca2+ concentration on flocculating activity (mean ± SD,
N03)
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Ca2+ concentration (Fig. 8). The flocculating rate keeps
increasing until a CaCl2 concentration of 4.5 mM
(ANOVA, p>0.05) is reached, indicating that the opti-
mal concentration of CaCl2 is 4.5 mM.
Discussion
In this study, the bioflocculant of the green alga C. rein-
hardtii was examined and isolated under axenic conditions.
This provided more accurate and reliable information for the
evaluation of the algal flocculant than under only unialgal
culture conditions. The highest flocculating activity of bio-
flocculant of C. reinhardtii was obtained at 4 mg L−1 over
the wide pH range from 2.0 to 10.0. Comparing the Chla-
mydomonas bioflocculant with other bioflocculants (Table 1)
showed that the bioflocculant of C. reinhardtii had a rela-
tively higher efficiency comparable to polyacrylamide
flocculants.
The optimum culture conditions for bioflocculant pro-
duction were 15 to 25°C, pH 6 to 10, and illumination of
40–60 μmol photons m−2 s−1. This indicates that the pro-
duction of bioflocculant from C. reinhardtii is potentially
more economical than the production from heterotrophic
bacteria.
Most bioflocculants were produced by microorganisms
during the exponential phase of growth (Kwon et al. 1996;
Nakata and Kurane 1999; Shih et al. 2001). In this study, the
maximum flocculating activity was observed in the linear
phase of growth and maintained at a high level during the
stationary phase, suggesting that the flocculant substances
were accumulated during the active growth period. The
decrease of flocculating activity at the decline phase may
be due to the enzymatic degradation of the biopolymer
flocculant and the cessation of production after cell death
(Kurane and Nohata 1991). The algal flocculant was tested
and isolated from the culture medium free of cells, indicating
that the bioflocculant is an extracellular product thus provid-
ing convenience for purification processes and practical
applications.
The characteristics of bioflocculants from different micro-
organisms are different. It has been reported that bioflocculants
from Nocardia amarae YK-1 (Takeda et al. 1992), Pacilomy-
ces sp. (Takagi and Kadowaki 1985a, b), and Bacillus lichen-
iformis (Shih et al. 2001) are mainly protein based, whereas
bioflocculants from Alcaligenes cupidus KT201 (Toeda and
Kurane 1991), Klebsiella pneumoniae (Nakata and Kurane
1999), Alcaligenes latus B-18 (Kurane and Nohata 1991),
and the cyanobacteria Phormidium J-1 (Fattom and Shilo
1984) and Anabaena PC-1 (Choi et al. 1998) are mainly
polysaccharide-based. On the other hand, bioflocculants from
Arcuadendron sp. TS-49 (Lee et al. 1995) and Arathrobacter
sp. (Wang et al. 1995) are mainly glycoprotein-based, and the
flocculant produced by R. erythropolis S-1 is composed of
many polypeptides and lipids (Kurane et al. 1994). Different
bioflocculants may have different properties because the com-
ponents and structures of bioflocculants are complex (Deng et
al. 2003). For polysaccharide bioflocculants, the molecular
weight and functional groups are important for determining
the flocculating activity (Kumar et al. 2004). In the case of
protein-based bioflocculants, the amino and carboxyl groups
are effective flocculation groups (Kurane et al. 1994). Since the
main components of the bioflocculant of C. reinhardtii in this
study were protein and polysaccharide, it is assumed that this
bioflocculant may possess the functions of both protein and
polysaccharides in flocculation.
The effect of cation concentration added to the kaolin
suspension containing bioflocculant of C. reinhardtiiwas also
evaluated. The flocculating activity of the bioflocculant was
increased by the addition of Ca2+ and Fe3+ at concentrations of
Table 1 Dosage of different bioflocculants for flocculating kaolin suspension
Bioflocculant-producing bacterium Optimum concentration (mg L−1) Flocculating rate (%) Reference
Alcaligenes sp. 20 mL L−1 culture broth 90 Wang et al. (1994)
Anabaenopsis circularis PCC6720 >10 1 (NTU) Levy et al. (1992)
Streptomyces griseus 40 mL L−1 culture broth 78 Shimofuruya et al. (1996)
Bacillus sp. As-101 30 92 Salehizadeh et al. (2000)
Citrobacter sp. 1–10 Above 90 Fujita et al. (2000)
Bacillus sp. Py-90 10 Nearly 60 Suh et al. (1997)
Polyacrylamide 22.5 90 He et al. (2004)
Bioflocculant REA-11 of Corynebacterium glutamicum 8.2 90 He et al. (2004)
Bacillus mucilaginosus 0.1 mL L−1 culture broth 99.6 Deng et al. (2003)
Gyrodinium impudicum KG03 1 93.6 Yim et al. (2007)
Bacillus sp. F19 2 97 Zheng et al. (2008)
C. reinhardtii 4 (1 mL L−1 culture broth) 97.1 Present study
NTU is turbidity
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4 mM. There have been a few reports on the Ca2+ effect upon
bioflocculation (Kurane et al. 1994). It seems that Ca2+ and
Fe3+ increase the initial adsorption of kaolin particles by the
biopolymer. Ca2+ and Fe3+ decrease the electrical charge of
the kaolin particles and the bioflocculant. Based on Levy et al.
(1992), it can be assumed that Ca2+ efficiently stimulates
flocculation via neutralization and stabilization of the residual
negative charges forming a bridge which binds kaolin par-
ticles to each other. Interestingly, Fe3+ inhibits the flocculating
activities of some microorganism flocculants (Takagi and
Kadowaki 1985a, b).
In conclusion, the high flocculation efficiency, the stability
in a wide pH range, and the ease of purification and cost-
effective production of the flocculant of C. reinhardtii sug-
gests that it has great potential of becoming a new member of
bioflocculants.
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